Abstract The Holocene (0-11.7 ka BP) appears warm and stable in ice core and global temperature reconstructions as well as in transient climate simulations. This seeming quiescence of Earth's climate belies large secular changes in seasonal and zonal mean radiation receipts resulting from variations in orbital precession and obliquity. Here we show that the tropical Pacific, a key mediator of global climate, underwent a profound climatic shift during the Holocene. Hydrogen isotope ratios of the algal lipid dinosterol, isolated from marine lake sediments in Palau, increased by 50‰ between 7.7 and 4.5 ka BP, indicating a reduction in precipitation. This implied drying coincided with increased rainfall to the southwest of Palau in Borneo, weakened northern hemisphere monsoons, strengthened southern hemisphere monsoons, and an equatorward shift of terrestrial photosynthesis. A southward shift of the Intertropical Convergence Zone, forced by insolation, is the most likely cause of these climatic and biospheric changes.
Introduction
The tropics play a central role in global climate, for it is there that solar radiation receipts exceed terrestrial radiation losses to space (Loeb et al., 2018) . To balance the surplus of energy in the tropics with the deficit at higher latitudes, large-scale circulations of the atmosphere and ocean transport energy northward and southward from the equator (Smagorinsky, 1963) . Chief among these is the Hadley circulation. Trade wind convergence near the equator drives warm, moist air aloft, giving rise to the tropical rain band known as the Intertropical Convergence Zone (ITCZ) and the ascending branch of Hadley circulation (Adam et al., 2016; Chiang & Friedman, 2012; Schneider et al., 2014) . Despite a wealth of climate theory and modeling studies indicating a high sensitivity of the position of the ITCZ to interhemispheric gradients in temperature (Adam et al., 2016; Broccoli et al., 2006; Chiang & Bitz, 2005; Frierson et al., 2013; Kang et al., 2008 Kang et al., , 2009 Schneider et al., 2014) and in radiative forcing (Broccoli et al., 2006; Yoshimori & Broccoli, 2008 , 2009 , there is a paucity of observational support for this sensitivity, largely due to the temporal and spatial limitations of the instrumental record.
Holocene period (11.7-0 ka BP) thus provides a useful target for identifying an ITCZ response to changing insolation gradients, especially since other climate factors, such as ice sheet extent, greenhouse gas concentrations, and sea level, were all relatively constant for at least the last 8 kyr. Attempts at reconstructing the position and strength of the ITCZ, however, have been hampered by the fact that this feature is most clearly defined over the ocean, where rainfall reconstructions are difficult to obtain. The more-abundant continental records of rainfall that purport to reflect the position of the ITCZ are often complicated by changes in monsoonal rainfall that can dominate the precipitation signal in tropical and subtropical regions. Marine rainfall reconstructions have their own complications, though. For one, the high concentration of solutes in seawater (~35 g/L) dampens the freshening effect of rainfall changes, making most hydroclimate proxies relatively insensitive to all but the largest rainfall perturbations. Second, in the brief time period of the Holocene, only about 10-20 cm of sediment accumulated over most of the seafloor (W. H. Berger & Killingley, 1982; Broecker & Peng, 1982; Nozaki et al., 1977; Trauth et al., 1997) . Efficient mixing of the upper~10 cm of sediment by burrowing organisms, acting as a low-pass filter, has subsequently smoothed away any climate signals operating on this timescale (W. H. Berger & Killingley, 1982; Peng et al., 1979; Trauth et al., 1997) . This combination of low temporal resolution, low-pass filtering by bioturbation, and low signal-to-noise of hydroclimate proxies has made it difficult to draw firm conclusions about tropical rainfall patterns over the ocean during the Holocene.
A further impediment to reconstructing marine hydroclimate is the difficulty in distinguishing Hadleycirculation-driven changes in the position of the ITCZ, which are meridional, from changes in the Pacific Walker circulation, which are zonal and give rise to such phenomena as the El Niño-Southern Oscillation (ENSO; Leduc et al., 2009 ). On seasonal timescales, the ITCZ migrates meridionally between~2°N in boreal winter and~9°N in boreal summer (Schneider et al., 2014) . On interannual timescales, ENSO causes zonal shifts in tropical rainfall, with the normally wet western equatorial Pacific becoming dry, and the dry central and eastern Pacific becoming wet (Rasmusson & Carpenter, 1982) . Dynamical connections between the Hadley and Walker circulations notwithstanding (Oort & Yienger, 1996) , it would seem a simple matter to distinguish between a meridional (e.g., ITCZ) and a zonal (e.g., ENSO) change in hydroclimate patterns across an area as large as the tropical Pacific Ocean. However, doing so requires multiple, appropriately located hydroclimate records.
This study seeks to reconstruct Holocene hydroclimate variations over the tropical Pacific Ocean and attribute them to either Hadley or Walker circulation changes. Toward that end, precipitation was reconstructed from the hydrogen isotope composition (δ 2 H) of the microalgal lipid dinosterol in sediments from a marine lake in the Republic of Palau. At 7°N, 134°E, Palau sits within the West Pacific Warm Pool, on the western edge of the Caroline Islands archipelago. While a number of other hydroclimate reconstructions from the Warm Pool have been generated further south, in the Indonesian archipelago, these display a spatially and temporally varying pattern of Holocene rainfall variations (c.f. Denniston et al., 2013; Griffiths et al., 2010; Mohtadi et al., 2011; Russell et al., 2014) , reflecting a complex interplay between the topography and a multitude of regional and local circulation patterns and climate modes (As-syakur et al., 2013) . Palau affords us a chance to reconstruct Holocene hydroclimate in the Warm Pool, yet away from the complexities of Indonesia.
Much of the basaltic Caroline Islands arc is overlain by biogenic limestone. Palau's Rock Islands are what remain of an ancient coral reef that was tectonically uplifted during the Miocene. When these pocked and rugged islands were flooded by 120 m of sea-level rise following the Last Glacial Maximum 21,000 years ago, numerous marine lakes were formed where seawater permeated the porous Miocene karst (Colin, 2009) . High rates of rainfall, averaging 3,722 mm/year annual precipitation for the Koror Weather Service Office and Nekken Forestry stations; NOAA NCEI, https://www.ncdc.noaa.gov/cdo-web/ datasets), result in a brackish surface layer atop the seawater in Palau's marine lakes. The resulting density stratification inhibits ventilation of lake bottom waters, which, when combined with high fluxes of organic matter, causes oxygen deficiency and, in some instances, euxinia (Hamner et al., 1982; Hamner & Hamner, 1998) . The sedimentary environment is thus characterized by high accumulation rates and excellent preservation of organic matter. These characteristics have been exploited to generate high-resolution paleoclimate records for the last millennium from lipid biomarker 2 H/ 1 H ratios in lake sediments (Richey & Sachs, 2016;  2. Materials and Methods
Field Sampling
T-Lake, also known as Lake 10 (Hamner & Hamner, 1998 ) is 5,600 m 2 in area, 9 m deep, and located on the island of Ngeruktabel at 7°18.27 0 N, 134°26.31 0 E (Figure 1 ). T-Lake is meromictic and connected to the sea via a series of~0.5 m wide tunnels close to the surface at the northernmost point of the lake (Hamner & Hamner, 1998) . Relative to the ocean surrounding Ngeruktabel, its~0.8 m tidal cycle is dampened approximately 50% and delayed by~2.75 hr.
A 12.4 m sediment core, PTLN-PC1, was collected in T-Lake in September 2013 in sequential 1-m sections at 7°18 0 27.70″N, 134°26 0 31.30″E using a 5-cm-diameter Colinvaux-Vohnout Livingstone-type rod-operated piston corer (Geocore, Columbus, Ohio). Each section was sealed in the field and refrigerated at 4°C until core splitting and subsampling.
Depth profiles of temperature, salinity, and oxygen were measured using a Hydrolab Quanta data sonde on 12 September 2013 and are shown in Figure 1 .
14 C Dating and Chronology
A chronology for the T-Lake sediments was constructed from radiocarbon dates on 13 plant macrofossils from PTLN-PC1 (Table 1 and Figure 2 ). Macrofossils were pretreated with an acid-base-acid procedure according to the protocol in Brock et al. (2010) to remove extraneous organic materials, then sent to DirectAMS in Bothell, WA, United States, for 14 C dating by accelerator mass spectrometry. The modern age control (youngest age, at depth = 81 cm; Table 1 ) was converted from fraction modern to 14 C years using the pMC.age() function in the Bacon age-modeling software package (Blaauw & Christen, 2011 anomalously young and clearly an outlier based on comparison with a nearby universal core, prompting its removal. All other dates were calibrated using IntCal2013 (Reimer et al., 2013) . We explored multiple age modeling approaches, including both the Clam and Bacon software packages, but ultimately used Clam (Blaauw, 2010) to construct an age model for the core based on linear interpolation between the dated samples.
Dinosterol Purification and Quantification
Lipids were purified and quantified following procedures detailed in Nelson and Sachs (2013 . Briefly, sediment subsamples (1 cm-thick) were removed from split cores or from field-sectioned material and transferred to combusted glass vials, frozen, then freeze dried. Lipids were extracted from a known dry weight of sediment with 10% methanol in dichloromethane on an accelerated solvent extractor (ASE 200; Dionex) at 100°C and 1500 psi with three 5-min static cycles. Lipid extracts were saponified using 2:1 1 N KOH in methanol:water at 70°C overnight. Saponified extracts were acidified to pH~1 with HCl, neutral lipids extracted from the water/methanol phase with hexane, and the hexane extracts washed with water.
Lipid extracts were acetylated at 70°C for 30 min in a mixture of 20 μl acetic anhydride of known isotopic composition and 20 μl pyridine. Sterol acetates were then isolated via preparative high-performance liquid chromatography as per the methods in Sachs (2013, 2014) . Briefly, the extracts were taken up in 25 μl of 2:1 dichloromethane:methanol and the complete volume injected onto an Agilent 1100 highperformance liquid chromatography system equipped with a Zorbax Eclipse XDB C 18 column; after an initial elution of polar compounds in 5:95 methanol:acetonitrile, sterol acetates were eluted with an isocratic mobile phase of 5:10:85 methanol:ethyl acetate:acetonitrile. The dinosterol-containing fraction was collected over a~6 min, predetermined elution window.
Dinosterol acetate was identified via gas chromatography-mass spectrometry; its absence from fractions collected before and after the target elution window was also checked to ensure complete recovery. Aliquots (5%) of each sample were injected on an Agilent 6890N GC, equipped with an Agilent VF-17 ms column (60 m × 0.32 mm × 0.25 μm) and a 5975 mass selective detector, in splitless mode at 300°C using helium carrier gas at 1.5 ml/min. The initial oven temperature was 110°C, followed by a ramp to 320°C at 5°C/min, and was then held for 20 min. These same aliquots Table 1 .
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were then quantified using the same method on an identical device equipped with a flame-ionization detector. Detector response was determined via an α-cholestane internal standard. Dinosterol fluxes were calculated from the product of dinosterol concentration per gram dry weight of sediment, the linear sediment accumulation rate, and the dry bulk density of sediment. Uncertainty in dinosterol fluxes is conservatively assumed to be 25%.
Hydrogen Isotope Measurements
Hydrogen isotopes of dinosterol were measured via a modification of the procedures outlined in Nelson and Sachs (2013) . Briefly, gas chromatography was conducted using a Thermo Trace GC Ultra equipped with a GC-TC (pyrolysis) interface. Samples were injected into the 330°C inlet in splitless mode, with a 1.1 ml/min helium carrier flow through a VF-17 ms column (60 m × 0.25 mm × 0.25 μm). The oven temperature was held at 120°C for the 2-min splitless time, increased to 260°C at 20°C/min, increased to 325°C at 1°C/min, and held for 10 min. The pyrolysis interface was operated at 1400°C, and the sample hydrogen admitted to a Thermo Delta V Plus isotope ratio mass spectrometer via open split.
Isotope measurements are given as δ 2 H values relative to Vienna Standard Mean Ocean Water. δ 2 H values calculated by the Isodat software relative to a hydrogen reference gas were corrected to Vienna Standard Mean Ocean Water via a combined external isotope standard (nC23, nC32, and nC38; À48.8‰, À212.4‰, and À102.6‰, respectively) analyzed before and after (4×) each~2-4 day sequence of runs and between (1×) every four sample injections (standards from Arndt Schimmelmann at Indiana University). Measured versus known δ 2 H regressions for the standards were used to generate calibrated sample values. Secondary corrections were determined based on time-in-sequence (drift), retention time (a combination of peak shape and hydrogen baseline effects), and peak area (size-dependent effects) to minimize residuals (biases) of the standards, as necessary, on a sequence-by-sequence basis. Standards and samples were analyzed in approximately identical amounts (~150 ng) to minimize the need for size-dependent corrections, and each sample analyzed at least three times.
Precision of the calibrated, bias-corrected dinosterol acetate analyses was typically 1-6‰ (average 4.1‰). These δ 2 H values were corrected for added acetate hydrogen (À124.4‰ ± 8.1) via mass balance to yield estimated, underivatized dinosterol values with a slightly higher propagated uncertainty (average of 4.4‰).
Results

T-Lake Physical and Chemical Properties
Salinity was 28.9 at the surface at the time of sampling, and increased abruptly to 29.7 at 0.5 m, after which it gradually increased to 30.3 at 8 m ( Figure 1d ). Salinity increased abruptly to 31.6 between 8 and 9 m. Temperature decreased sharply from 32.3°C at the surface to 31.5°C at 0.5 m, below which it declined gradually to 31.3°C at 9 m ( Figure 1d ). Percent O 2 saturation increased from 61% at the surface to 78% at 2.5 m, below which it declined steadily to 1% at 8 m and remained <1% to the bottom (Figure 1d ).
Sediment Chronology and Accumulation Rates
Sediment accumulation rates were high throughout the core, ranging from 0.026 to 0.15 cm/year (6.7 to 38 year/cm) from 10.4 to 2.3 ka BP, and 0.2 to 0.38 cm/year (2.6 to 5.0 year/cm) from~2.3 ka BP to the top of the core (Figure 2 ).
Dinosterol Concentrations and Fluxes
Dinosterol concentrations were between 0.43 to 45 μg/g dry sediment, resulting in fluxes that ranged between 0.074 and 11 μg·cm Figure 3 ). They were lowest from 10.2 to 7.4 ka BP when they were between À325‰ and À316‰. They then increased 46‰, from À319‰ to À273‰, between 7.4 and 4.5 ka BP, and remained between À284‰ and À270‰ until 2.5 ka BP. Between 2.5 and 1.2 ka BP δ 2 H dino decreased 29‰, from À270‰ to À299‰, after which time they fluctuated between À296 and À281‰ until 520 year BP (1430 CE) when they increased abruptly. During the period 470-310 year BP (1480-1640 CE) δ 2 H dino values averaged À279 ± 4‰, highs reached only during the mid-Holocene period 4.5-2.5 ka BP, and consistent with previously reported dry conditions during the Little Ice Age in Palau (Richey & Sachs, 2016; Sachs et al., 2009; Smittenberg et al., 2011 ). An abrupt 25‰ decrease in δ 2 H dino (À276‰ to À301‰) occurred from 310 to 280 year BP, after which time they remained between À301‰ and À289‰ until 170 year BP (1780 CE), the youngest sample in our record.
Discussion
Mid-Holocene Drying of Palau
A 52‰ increase of T-Lake δ 2 H dino values from 7.7 to 4.5 ka BP implies a drying of Palau's climate during the mid-Holocene (Figure 3) . In a drier climate, diminished rainfall would result in less runoff and higher salinity surface water in T-Lake (Richey & Sachs, 2016; Sachs et al., 2009; Smittenberg et al., 2011 ). Because phytoplankton fractionate 2 H from 1 H to a lesser extent during lipid synthesis at high salinity Maloney et al., 2016; M'boule et al., 2014; Nelson & Sachs, 2014; Sachs et al., 2016; Sachs & Schwab, 2011; Sachse & Sachs, 2008; Schouten et al., 2006) , δ 2 H dino is expected to increase in a drier climate.
Two processes would amplify that signal. First, the lake would contain a greater proportion of seawater (with δ 2 H of~0 ± 1‰; Smittenberg et al., 2011) relative to rainwater (with δ 2 H of À36 ± 7‰; Bowen, 2017; Bowen & Revenaugh, 2003) in a drier climate. This mixing of rain and seawater resulted in a δ 2 H value of T-Lake surface water in September 2013 of À6.8 ± 0.4‰. Second, lower rainfall rates in the tropics are associated with higher δ 2 H values of precipitation owing to the amount effect (Kurita et al., 2009; Risi et al., 2008; Rozanski et al., 1993) . Thus, diminished rainfall in Palau is expected to both increase the δ 2 H value of rain and to increase the proportion of isotopically enriched seawater relative to rainwater in T-Lake. Both of these effects would increase the δ 2 H value of T-Lake water and along with it, the lipids of phytoplankton (Sachs et al., 2009; Smittenberg et al., 2011; Zhang & Sachs, 2007) . Added to that isotopic enrichment would be the biosynthetic 2 H-enrichment expressed by phytoplankton in saltier water Sachs et al., 2016) .
Other potential causes for a 52‰ increase in δ 2 H dino , such as a change in dinoflagellate growth rates or the irradiance to which they are exposed (both of which have been shown to influence the δ 2 H value of phytoplankton lipids; Sachs et al., 2017; Sachs & Kawka, 2015) , are unlikely to have caused the δ 2 H changes that occurred in T-Lake. This is inferred from the fact that the flux of dinosterol was relatively invariant from~10 to 4 ka BP, throughout the entire mid-Holocene transition from low to high δ 2 H dino values (Figure 3 ). If environmental conditions had promoted markedly different growth rates of dinosterol-producing dinoflagellates, or the irradiance to which they were exposed, one might expect to see it reflected in the flux of dinosterol. Instead, dinosterol fluxes remained low until the late Holocene, increasing between~4 and 2 ka BP (Figure 3 ). This may have been promoted by shoaling of the lake as it filled with sediment; a smaller volume of water in T-Lake may have resulted in a greater concentration of nutrients (from runoff and remineralization in sediments). It is therefore proposed that δ 2 H dino variations in T-Lake sediments most likely reflect hydroclimate rather than dinoflagellate physiology or ecology.
ENSO Versus ITCZ Movement
During El Niño events, the ascending branch of the Pacific Walker Circulation shifts eastward, causing the normally wet western tropical Pacific, where Palau is located, to become much drier (Cane, 2005; Kubota et al., 2011; Rasmusson & Carpenter, 1982 ; Figure 4a ). One potential explanation for the observed mid-Holocene drying of Palau is, therefore, an extended period of frequent and/or strong El Niño events. However, this would be at odds with a large and diverse set of proxy records from across the Pacific basin that indicate weak ENSO-related climate variability at that time. These include reduced single-foraminiferal-δ 18 O variance in eastern equatorial Pacific sediment cores (Koutavas & Joanides, 2012) , reduced lithic sediment accumulations in coastal Peru (Rein et al., 2005) , reduced sand (Conroy et al., 2008) and botryococcene (Zhang et al., 2014) accumulations in Galápagos lake sediments, and reduced δ 18 O variance in Peruvian mollusks (Carré et al., 2014) , Borneo stalagmites , and corals from the Northern Line Islands and western tropical South Pacific (McGregor et al., 2013; Tudhope et al., 2001 ). Emile-Geay et al. (2016) compiled several of these data sets and many others to conclude that the mid-Holocene period from 5 to 3 ka BP was a time of significantly reduced (by 35-64% compared to modern) ENSO activity in the western, central, and eastern tropical Pacific.
In addition to the negative correlation between rainfall in Palau and El Niño indices such as Nino3.4 SST (based on average SSTs in the region 5°S-5°N, 170°-120°W; Figure 4a ), there is asymmetry between El Niño and La Niña in both frequency of occurrence (El Niño events occurred more frequently) and duration (La Niña events lasted longer) between 1871 and 2005 CE (Wolter & Timlin, 2011) . There is also asymmetry in their effect on rainfall in Palau, with the average November-April rainfall anomaly being À4 mm/day for canonical El Niño events and +2 mm/day for La Niña between 1947 and 2013 CE (Murphy et al., 2014) . Thus, extended periods of infrequent or weak El Niños are expected to be anomalously wet in Palau, even if matched by a proportional reduction in La Niña events, owing to the lack of strong negative rainfall anomalies. As described above, increased rainfall will result in lower δ H dino values in T-Lake remained at their Holocene maxima from~4.5 to 2.5 ka BP, signaling dry conditions (Figure 5a ).
An alternative explanation for the mid-Holocene transition to drier conditions in Palau is a southward shift of the ITCZ. The ITCZ moves seasonally between 2 and 9°N in the tropical Pacific (Schneider et al., 2014) . A southward shift of the mean position of this feature would be expected to lengthen the dry season in Palau, which occurs today from February to April, when the ITCZ is centered south of Palau (Figure 4b ). At the same time, such a shift would be expected to lengthen the wet season south of Palau, such as at 4°N in Borneo. Rainfall in these two locations is out of phase by about 6 months, with June-July the wettest months in Palau, and December-January the wettest months in Borneo (Figure 4b ). This antiphase pattern of rainfall is directly related to the semiannual migration of the ITCZ, which is farthest north in boreal summer and farthest south in boreal winter. Rainfall reconstructions for Borneo, based on δ
18
O values of stalagmites, indicate that maximum Holocene rainfall occurred~5-3 ka BP Moerman et al., 2013; Partin et al., 2007; Figure 5e ). This trend opposes what is observed in Palau (Figure 5a) , suggesting a meridional shift in the mean position of the ITCZ. Conversely, because both locations (Palau and Borneo) lie in the West Pacific Warm Pool, where drying occurs during El Niño (Figure 4a ), an ENSO-based mechanism would be expected to result in synchronous hydroclimate changes. Table 2 . Error bars for δ 2 H values are the standard deviation of replicate measurements (see Table 2 ). Error bars for dinosterol fluxes are conservatively estimated to be 25%. VSMOW = Vienna Standard Mean Ocean Water.
A Southward Shift of the ITCZ Through the Holocene
Unambiguous records of Holocene ITCZ position are limited, largely because (1) rainfall changes over the ocean (where the ITCZ is well defined) cause physical and chemical changes in seawater that are too small to discern with most paleoclimate proxies and (2) low-latitude rainfall changes over continents are often obscured by monsoon signals. One of the only proxy records of the global tropical rain belt position is based on the oxygen isotopic composition of atmospheric O 2 (δ 18 O atm ) from polar ice cores. Changes in the Dole effect (the difference between the isotopic compositions of atmospheric oxygen and seawater) are thought to reflect shifts in the weighted-average latitude of terrestrial photosynthesis. In simplified terms, movement of the tropical rain bands to the north (which possesses a greater land area) should result in more isotopically light (i.e., low δ 18 O) O 2 being evolved to the atmosphere, as more photosynthetically active land mass is fed by 18 O-depleted precipitation (Seltzer et al., 2017; Severinghaus et al., 2009 ). Severinghaus et al. (2009) derived the parameter Δε Land as a measure of the Dole effect accounting for the smoothing caused by thẽ 1 kyr residence time of atmospheric oxygen. Δε Land increased markedly from~8 to 3 ka BP, interpreted as a southward shift of the tropical rain bands (Seltzer et al., 2017 ; Figure 5b ). The timing of this shift closely coincides with the mid-Holocene drying in Palau (Figure 5a ).
Additional evidence for a southward shift of the ITCZ during the Holocene comes from tropical Atlantic sedimentary proxies that also show a trend toward drier conditions in the north, and wetter conditions in the south of the modern ITCZ range (Arbuszewski et al., 2013 , and references therein). Among these, the decline in fluvial discharge to the Cariaco Basin (inferred from the sedimentary concentrations of titanium [ Figure 5c ], (7°N, 134°E) is indicated by the yellow star, and Borneo (4°N, 114°E) is indicated by the green star. Both locations are shown to be anomalously dry during El Niño. Precipitation data are from monthly Global Precipitation Climate Project (www.esrl.noaa.gov/psd/data/gridded/data.gpcp.html) at 2.5°× 2.5°, provided by NOAA/OAR/ESRL PSD. The 2-7 year bands were extracted using the Torrence and Compo (1998) wavelet filter, based on code from Sang Chen . Nino3.4 data are the seasonal ERSSTv5 Oceanic Niño Index data (www.cpc.ncep.noaa.gov/data/indices/). (b) Climatological rainfall in Palau and Borneo. Data are from the NOAA NCEI (www.ncdc.noaa.gov/cdo-web/datasets) for Palau-NOAA, from Moerman et al. (2013) for Borneo-Mulu, and from www.borneo.climatemps.com for Borneo-Sandakan.
iron, and terrigenous sediment; Haug et al., 2001; Peterson & Haug, 2006) and to the Gulf of Guinea in the east (inferred from Ba/Ca, Mg/Ca, and δ
18
O values of planktonic foraminifera; Weldeab et al., 2007) are particularly compelling.
The position of the ITCZ has been shown to respond to both contrasts in temperature (Adam et al., 2016; Broccoli et al., 2006; Chiang & Bitz, 2005; Frierson et al., 2013; Kang et al., 2008 Kang et al., , 2009 Schneider et al., 2014) and radiative forcing (Broccoli et al., 2006; Yoshimori & Broccoli, 2008 , 2009 ) between the northern and southern hemispheres. Greater contrasts are associated with deeper migrations into the warm hemisphere. Using Holocene temperature reconstructions from Marcott et al. (2013) , Schneider et al. (2014) showed that warming of the northern hemisphere, relative to the southern hemisphere, peaked about (Figure 5c ), and their subsequent decline to support the argument that this was indeed the case. This timing is consistent with the Holocene rainfall peak in Palau that we infer from the δ 2 H dino minimum at~7.7 ka BP, and coincides with the end of a~2 kyr minimum in Holocene Δε Land values (Figure 5b ). During the ensuing 4.5 kyr (until~3 ka BP), the interhemispheric temperature contrast declined (Schneider et al., 2014) , the Cariaco Basin and Palau became drier, and the δ 18 O value of atmospheric O 2 (as Δε Land ) increased, all consistent with a southward migration of the ITCZ (Figures 5a-5c ).
Globally, monsoon systems underwent concurrent secular changes. The East Asian Monsoon peaked at~8 ka BP and declined in strength until~3 ka BP (Cheng et al., 2016 ; Figure 5d ); both the North African (Bar-Matthews et al., 2003; Verheyden et al., 2008) and Indian (Fleitmann et al., 2003) monsoons behaved similarly. As these northern hemisphere monsoons weakened, monsoons of South America (Bernal et al., 2016; Cruz et al., 2005; van Breukelen et al., 2008; X. Wang et al., 2006;  van Breukelen shown as example in Figure 5f ) and South Africa (Holmgren et al., 2003 ) strengthened 8-3 ka BP. This pattern has been attributed to the precession-driven decline (increase) in northern (southern) hemisphere summer insolation that decreased (increased) the land-ocean thermal contrast in the summer monsoon season (P. X. Wang et al., 2017 ; Figure 5g ).
While the shift of perihelion from June to December could have directly caused both the southward shift of the ITCZ (Merlis et al., 2013) and the monsoon changes (Kutzbach, 1981) , another possibility is that both phenomena were forced remotely from the North Atlantic (P. X. Wang et al., 2017) . A decrease in the mean grain size of sediments on Gardar Drift in the northeast Atlantic Ocean from~8-2 ka BP ( Figure 5h ) implies a weakening of the abyssal currents and, by extension, the Atlantic meridional overturning circulation (AMOC; Hoogakker et al., 2011) . Because northward heat transport by the AMOC is believed to be responsible for the ITCZ being north of the equator (Frierson et al., 2013; Marshall et al., 2014) , its weakening is expected to shift the ITCZ south (Schneider et al., 2014) . A wide range of models, in fact, generate southward ITCZ shifts when the AMOC is reduced (e.g., Chiang & Friedman, 2012; Vellinga & Wood, 2002) . Hypothesized mechanisms for weakening of the AMOC during this time include warming of the winter sea surface in deepwater formation regions (as northern hemisphere summer insolation decreased, winter insolation increased; Marcott et al., 2013) and an increase in Arctic Sea ice resulting in fresher waters in the Nordic Seas (Hoogakker et al., 2011) . Both mechanisms involve increasing surface buoyancy and stratification, reducing deepwater production.
Conclusions
Hydrogen isotope ratios of dinosterol in Holocene sediments from a marine lake in Palau (7°N, 134°E) increased some 50‰ between 7.7 and 4.5 ka BP, indicating a drying of the climate. This mid-Holocene drying of Palau coincided with an increase in rainfall in northern Borneo (4°N, 114°E). Because both Palau and Borneo experience rainfall anomalies of the same sign during ENSO events, the most likely explanation for opposing Holocene rainfall changes is a southward shift of the ITCZ. Such a shift is predicted by climate theory in response to the weakening interhemispheric temperature and insolation gradients~7-3 ka BP (Schneider et al., 2014) . Secular climatic changes during the mid-Holocene were not limited to the tropical Pacific. An increase in the oxygen isotopic composition of atmospheric O 2 from~8 to 3 ka BP was likely caused by a global equatorward shift of tropical rainfall (Seltzer et al., 2017) , and marine sediment records from the Atlantic Ocean are consistent with this (Arbuszewski et al., 2013) . Furthermore, northern hemisphere monsoons weakened and southern hemisphere monsoons strengthened~8-3 ka BP (P. X. Wang et al., 2014) , while the strength of the AMOC appears to have diminished (Hoogakker et al., 2011) . A weakening interhemispheric insolation gradient could have caused these widespread climatic changes, or alternatively, the insolation changes could have forced the AMOC weakening, which in turn caused the southward shift of the ITCZ and changes in monsoon intensity (P. X. Wang et al., 2017 Figure 4a . Insightful comments from Alyssa Atwood improved this manuscript. The data reported in this study can be found in Tables 1 and 2 and in the published studies and online resources cited. We are grateful to Associate Editor James Russell and two anonymous reviewers for their comments and insights that improved this manuscript.
